The present work investigates the validity of electrospun borneol-polyvinylpyrrolidone (PVP) nanocomposites in enhancing drug dissolution rates and improving drug physical stability. Based on hydrogen bonding interactions and via an electrospinning process, borneol and PVP can form stable nanofiber-based composites. FESEM observations demonstrate that composite nanofibers with uniform structure could be generated with a high content of borneol up to 33.3% (w/w). Borneol is well distributed in the PVP matrix molecularly to form the amorphous composites, as verified by DSC and XRD results. The composites can both enhance the dissolution profiles of borneol and increase its physical stability against sublimation for long-time storage by immobilization of borneol molecules with PVP. The incorporation of borneol in the PVP matrix weakens the tensile properties of nanofibers, and the mechanism is discussed. Electrospun nanocomposites can be alternative candidates for developing novel nano-drug delivery systems with high performance.
Introduction
Electrospinning is a popular procedure in scientific researches due to the ease of implementation, the cost-effectiveness of the process, and the unique properties and potential applications of the resultant nanofibers [1] [2] [3] [4] . It has a strong capability of producing nanofibers of polymers and some small molecules such as phospholipids and cyclodextrin, of giving the nanofibers with secondary structural characteristics by copying the spinnerets such as coaxial and side-by-side, and of generating polymer-based composites through the interactions between the filament-forming polymer matrix and the functional ingredients [5] [6] [7] [8] [9] .
Nanocomposites have drawn considerable attentions because of the ability to produce high-performance materials with enhanced or novel properties [10, 11] . As a simple one-step top-down process for preparing one-dimensional (1D) nanofibers, electrospinning exhibits great capability in preparing nanoscale polymer composites owing to the tremendous rapid drying process, often in a time scale of 10 −2 s [12] [13] [14] [15] [16] . It has been demonstrated that electrospun nanofiber composites can enhance the functions of active ingredients and even achieve new functions by taking advantages of their unique properties, such as continuous three-dimensional web structure, thin diameter, large surface area, and high porosity [17] [18] [19] .
Borneol, a compound derived from ryobalanops aromatica (a tree that belongs to the teak family), is a common ingredient in many traditional Chinese herbal formulas. Borneol has a wide range of uses. It aids the digestive system by stimulating the production of gastric juices; tones the heart and improves circulation, treats bronchitis, coughs and colds, can relieve pain caused by rheumatic diseases and sprains, reduces swelling, relives stress, and can be used as a tonic to promote relaxation and reduce exhaustion. In some parts of the world, it is even used as an insect repellant. However, borneol has very poor water solubility, poor physical stability due to easy sublimation, and side effect of resulting in irritation [20] [21] [22] .
Based on above-mentioned knowledge, we presently investigate that electrospinning is exploited to prepare composites of borneol and hydrophilic excipients in the form of nanofibers. Polyvinylpyrrolidone was selected as the filament-forming matrix because it has been broadly reported to be used for enhancing solubility of a wide variety of poorly water-soluble drug and it has good electrospinnability in a series of typical organic solvents such as methanol, ethanol, chloroform, and N, N-dimethylacetamide [23] [24] [25] [26] .
Experimental
2.1. Materials. Borneol (purity over 95%) was purchased from Shanghai Winherb Medical S & T Development Co., Ltd (Shanghai, China). Polyvinylpyrrolidone K60 (PVP K60, M = 360, 000) was obtained from the Shanghai Yunhong Pharmaceutical Aids and Technology Co., Ltd. (Shanghai, China). Anhydrous ethanol was provided by the Sinopharm Chemical Reagent Co., Ltd. All other chemicals used were analytical grade, and ultra-high-quality water was used.
Preparation
Preparation of Spinning Solutions. Borneol and the polymer PVP K60 were dissolved in ethanol in turn at the ambient temperature 21
• C. The concentration of PVP was fixed at 10 (w/v)%. Four types of spinning solution with varied concentrations of borneol 0, 1 (w/v)%, 2 (w/v)%, and 5 (w/v)% (Table 1) were prepared, and the composite nanofiber mats Journal of Nanomaterials were denoted as F0, F1, F2, and F3, respectively. Mechanical stirring was applied for 1 h to obtain homogeneous codissolved spinning solutions. The solutions were degassed with a SK5200H ultrasonator (350W, Shanghai Jinghong Instrument Co., Ltd. Shanghai, China) for 10 minutes before electrospinning.
Electrospinning Process. A high-voltage power supply (Shanghai Sute Electrical CO., Ltd., Shanghai, China) was used to provide high voltages in the range of 0-60 kV. To avoid carrying any air bubbles, spinning solutions were carefully loaded in a 10 mL syringe to which a stainless steel capillary metal-hub needle was attached. The inside diameter of the metal needle was 0.5 mm. The positive electrode of the high-voltage power supply was connected to the needle tip and the grounded electrode was linked to a metal collector wrapped with aluminum foil. The electrospinning process was carried out under ambient conditions (21 ± 2
• C and relative humidity 61 ± 3%). A fixed electrical potential of 12 kV was applied across a fixed distance of 15 cm between the tip, and the collector. The feed rate of solutions was controlled at 2.0 mL·h −1 by means of a single syringe pump (KDS100, Cole-Parmer, Vernon Hills, IL, USA).
Characterization.
The morphology of the surface, crosssections of the nanofiber mats, and the casting films were assessed using a S-4800 field emission scanning electron microscope (FESEM) (Hitachi, Japan). The average fiber diameter was determined by measuring diameters of fibers at over 100 points from FESEM images using NIH Image J software (National Institutes of Health). 
The differential scanning calorimetry (DSC) analyses were carried out using an MDSC 2910 differential scanning calorimeter (TA Instruments Co., USA). Sealed samples were heated at 10
• C·min −1 from 21 to 300
• C. The nitrogen gas flow rate was 40 mL·min −1 . X-ray diffraction analyses (XRD) were obtained on a D/Max-BR diffractometer (Rigaku, Japan) with Cu Kα radiation in the 2θ range of 5-60
• at 40 mV and 300 mA. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) analysis was carried out on a Nicolet-Nexus 670 FTIR spectrometer (Nicolet Instrument Corporation, Madison, USA) over the range 500-4000 cm −1 and a resolution of 2 cm −1 .
Properties of the Borneol-PVP Nanofiber Mats.
To determine the effect of composites in improving borneol physical stability, a comparison study was conducted. 50 mg of borneol particles (pulverized to pass through a 125 μm mesh sieve) fiber mats containing 50 mg borneol (i.e., 550 mg fibers F1, 300 mg fibers F2 and 150 mg fibers F3) were placed on the petri dishes in the atmosphere. Their weights were measured every 24 h. A petri dish of water was used to demonstrate the speed of the dissolving process of the borneol-PVP nanofiber mats. The dissolving processes were recorded at 30 frames per second with a digital video recorder (Canon PowerShot A490, Tokyo, Japan).
Tensile tests were measured according to ASTM D882 using a universal testing machine (Instron5566, Instron, Canton, MA). All samples were cut to the standard dumbbell shape, conditioned overnight (21 ± 1
• C, relative humidity of 65 ± 2%) before testing. Figures 1(a)-1(d) show FESEM images of PVP nanofibers with a content of borneol at 0% (F0), 9.1% (F1), 16 .7% (F2), and 33.3% (F3) (w/v), respectively. All the four types of nanofibers have uniform structures without beads-on-a-string morphology, they had smooth surfaces, and the matrix was free of any separating particles. However, the fibers F3 were very crisp, as verified by circle in Figure 1 (d) in which the cross-sections of nanofibers should be generated during the sampling process.
Results and Discussion

Morphology.
Figure 1(e) shows FESEM images of the cross-section of the composite nanofibers F3. It is clear that there are no apparent particles within them, indicating that no phase separating had occurred during electrospinning. This also suggests that borneol molecules are uniformly distributed throughout the PVP matrix.
As the concentrations of borneol increased, the average diameters of the nanofibers gradually decreased (F0 to F1 and F2). The addition of borneol in PVP solutions can increase their conductivities and thereby enhanced the electrical drawing effects on the jet fluids, resulting thinner nanofibers [12] . However, when the drug loading was further increased, the average diameters of nanofibers F3 increased (F3). As the concentration of borneol further increased, the solution viscosity also increased, and this counteracted the influence of conductivity increases and gradually had a greater influence on nanofiber diameter compared to electrical forces [27] . The relationship between fiber diameter and borneol content is shown in Figure 1 (f).
Physical Status of the Components in the Electrospun
Fibers. DSC and XRD tests were undertaken to determine the physical status of borneol in the composite nanofibers. As shown in Figure 2 , the presence of distinct peaks in the XRD patterns indicated that borneol was present as crystalline materials with characteristic diffraction peaks at 
15.1
• and 16.1
• . The PVP diffraction exhibits a diffused background pattern with two diffraction halos indicating that the polymer is amorphous. In respect to the composite nanofibers F1 to F3, the characteristic peaks of borneol were absent. This suggests that borneol were no longer present as crystalline material, but was converted into an amorphous state.
The DSC thermograms are shown in Figure 3 , and the DSC curve of pure borneol exhibited a single endothermic response corresponding to melting points of 198.2
• C (−372.08 J·g −1 ). As an amorphous polymer PVP K60 did not show any fusion peaks or phase transitions, apart from a broad endotherm, this being due to dehydration, which lies between 80 and 120
• C and with a peak at 85
• C. DSC thermograms of the composite nanofibers did not show any melting peaks of borneol. All the borneol-PVP composite nanofibers had a broad endotherm ranging from about 60 to 100
• C. The results form DSC and XRD similarly demonstrated that borneol was no longer present as a crystalline material but had been converted into amorphous composites with matrix PVP.
The Secondary Interactions among the Components.
The compatibility among the components is essential for producing high quality and the stability of the composite nanofibers. Often the second-order interactions such as hydrogen bonding, electrostatic interactions, and hydrophobic interactions would improve their compatibility [12] . Each borneol molecule has one -OH group whereas PVP molecules have numerous -C=O groups. So they can form composites with borneol acting as proton donors and PVP molecules acting as proton receptors.
This can be as verified by the ATR-FTIR spectra in which sharp peaks were visible for pure crystalline borneol at 2950, 1454, and 1055 cm −1 (Figure 4) . However, all the peaks for borneol disappeared in the composite nanofibers when samples were run in the ATR-FTIR spectra, jointly demonstrating that hydrogen bonding occurred ( Figure 5 ). By the way, there is a tiny peak of 1742 cm −1 in spectra of borneol in Figure 4 , reflecting that some borneol had been oxidized to camphor.
Electrospinning is not only a useful tool for fabricating 1D polymer nanofibers, but also an excellent process for generating composites with the functional gradients dispersing on the filament-forming polymer matrix molecularly [7, 28] . Here, PVP can provide functional groups for "anchoring" borneol to amorphize them during the fast drying electrospinning process. Only the rapid evaporation of the solvent and the favorable interactions between the ingredients that resulted in the nanofiber composites, in which borneol molecules were distributed through the PVP matrix with their physical state in the liquid solutions to be propagated into the solid nanofibers and lose the original crystal state as pure materials.
Discs with a diameter of 16 cm were cut from the composite nanofiber mats F0 to F3 for fast dissolving tests. Pure borneol particles were used as controls. Shown in Figure 6 (a) is a typical disintegrating process of nanofiber F3, and Figures 6(b) and 6(c) show the borneol particles and their insolubility in water. The dissolution of F3 cost 14.5 ± 2.4 s (n = 6). The average disappearance times for nanofiber mats F0 to F2 in water were 13.8 ± 1.2 s, 14.3 ± 2.2 s, and 14.3 ± 2.6 s, respectively. The disintegrating times were not significantly different statistically (P > 0.05, paired t-test) between the pure PVP nanofibers and the borneol-contained nanofibers, suggesting that the poorly water-soluble borneol can be "led" to quickly dissolve by hydrophilic PVP molecules through their composites. The 3D continuous web structure, the big surface resulting from the small diameter of nanofibers, and the amorphous status of borneol in the PVP matrix synergistically acted to promote the fast dissolution of borneol.
Shown in Figure 7 is the weight loss of the borneol particles and its electrospun composites. The 50 mg borneol particle totally disappeared in the ninth day, whereas all the composites still immobilized over 92% of the contained borneol. The hydrogen bonding between PVP and borneol effectively kept the drug from sublimation from the composites, demonstrating that the nanofiber mats could greatly increase borneol physical stability.
The ultimate tensile strength and tensile strain for all the electrospun borneol/PVP nanofibrous membranes with various borneol contents were tested and summarized ( Figure 8 ). This process characterises the relationship between the average ultimate tensile strength, average ultimate tensile strain, and borneol content. The neat PVP nanofibers showed highest tensile strain. Increasing the weight ratio of borneol showed a decrease in the average tensile strength.
PVP is a linear polymer and has good electrospinnability. When borneol is added to PVP solutions, it is able to interact with PVP molecules through hydrogen bonding. The PVP and borneol molecules together are likely to behave like branched polymers the hydrophobic interactions and stereic hindrance resulting from the branched-borneol would change the nanofibers' matrix PVP chain conformation and PVP-PVP molecular interactions and so decreasing their direct entanglements ( Figure 9) . Thus, the presence of borneol affects the stiffness of the PVP main chains and distributes the stretching properties in the chains of PVP, and the disturbance was more significant with the higher addition percentage of borneol, resulting in the obvious decrease of the average tensile strength and strain of borneol-PVP composite nanofiber mats. These results confirm observation obtained from FESEM and also the results of FT-IR studies.
Conclusions
With hydrophilic polymer PVP as the filament-firming matrix, several borneol-PVP nanocomposites with varied drug content have been successfully prepared using a single Journal of Nanomaterials 7 fluid electrospinning process. FESEM observations demonstrate that composite nanofibers with uniform structure could be generated with a high content of borneol up to 33.3% (w/w). Borneol was well distributed in the PVP matrix molecularly to form the amorphous composites, as verified by DSC and XRD results. The composites effectively enhanced the dissolution profiles of borneol within a time period of 15 s and they were also able to increase borneol physical stability against sublimation for long-time storage by immobilization of borneol molecules with PVP through hydrogen bonding. The incorporation of borneol in the PVP matrix weakens the tensile properties of nanofibers. The present strategy shows an avenue that a wide variety of volatile functional active pharmaceutical ingredients (no matter liquid or solid substance) can be immobilized using electrospun nanofibers for easy development of novel nanodosage form.
